Chromosomes are composed of chromatin, a complex of DNA and proteins, which are arranged into elementary structural units of nucleosomes. Each nucleosome consists of 147 base pairs of DNA wrapped around a core of eight histone proteins[@b1]. These nucleosomes are arranged into 11-nm fibers having a "beads-on-a-string" appearance[@b2]. As the cell cycle proceeds from interphase to metaphase, the chromatin undergoes further condensation by the addition of a protein scaffold thus forming higher order structures until the chromosomes reach the metaphase stage of mitosis, their most compact state[@b3]. The organization of chromatin into these higher-order structures and the factors that play a role in the condensation process remain a subject of debate and represent one of the key challenges in structural biology.

Chromatin has historically been categorized into two structural states: heterochromatin and euchromatin[@b4]. Heterochromatin has been described as the chromatin fraction that is more compact and remains condensed throughout the cell cycle except during its replication. It is thought to be inactive in transcription, has a low gene density, and is replicated late in the S-phase[@b5][@b6]. It can be further classified into constitutive heterochromatin, which is composed of repetitive sequences of DNA known as satellite repeats and is associated mostly with pericentromeric and telomeric regions of the chromosome, and facultative heterochromatin, which can interconvert between heterochromatic and euchromatic states when triggered by several factors such as acetylation and methylation[@b7][@b8]. While euchromatin has been described as the chromatin fraction that is relatively decompacted and decondenses during interphase, it is active in transcription, more likely to contain genes, and is replicated early in S-phase[@b5][@b6].

Visualization of distinct subchromosomal regions can be achieved through so-called banding, a characteristic striped appearance that results from the differential staining along the length of a chromosome. Bands also allow the identification of individual chromosomes and the presence of possible abnormalities therein such as deletions, insertions, and translocations and are used in cytogenetic clinical laboratories. The common banding patterns observed are G-, R-, and C- banding patterns[@b9]. Usually, the contrast between the bands is based on the relative intensity of the stain.

A vital characteristic of a fluorophore apart from excitation, emission wavelength, and intensity is its fluorescence excited state lifetime (τ), which can be defined as the average time a fluorophore stays in the electronic excited state. There are different pathways of relaxation (e.g., internal conversion, dynamic quenching, energy transfer) for a fluorophore in the excited state aside from fluorescence which can all compete kinetically with fluorescence and thereby affect the fluorescence rate[@b10]. The rates of these relaxation pathways are sensitive to many factors such as proximity of the fluorophore to other fluorophores and quenching species as well as the dielectric constant of the medium. Hence, fluorescence lifetime can change markedly depending on a fluorophore's environment.

Fluorescence lifetime imaging microscopy (FLIM) is a technique that maps the spatial arrangement of lifetime and can act as a probe to changes in the fluorophore's environment. A lifetime image is acquired wherein the fluorescence lifetime is measured, with temporal resolution of nanoseconds or less, at every pixel of the image. FLIM has several applications across both physical and life sciences. It is widely used for investigations at Förster resonance energy transfer (FRET) lengths, typically from 1--10 nm, between a fluorophore and another molecule to probe distances and study interactions between molecules (e.g., homo- and hetero-dimerizations and protein-protein interactions[@b11][@b12]). A major advantage of FLIM is that it is not explicitly dependent upon molecular concentrations of the fluorophore unlike intensity-based fluorescence imaging[@b10]. This is useful because the fluorophore concentration across a sample may be far from uniform. However, at relatively high (mM) fluorophore concentrations, self-quenching of the fluorophore may occur which can then affect the fluorescence lifetime of the fluorophore[@b13][@b14].

Little is known about the sensitivity of fluorescence lifetime to changes in chromosome environment. Llères *et al*.[@b15] used FLIM to measure FRET between histone molecules tagged with either GFP or mCherry in interphase chromosomes inside the nucleus of HeLa cells. Different FRET efficiency populations were observed across the interphase nucleus, reflecting regions with different levels of chromatin compaction. The frequencies of the different FRET efficiency populations were observed to change at different stages of mitosis, from metaphase to telophase. The study, however, did not investigate in depth and at high resolution the variations in FRET efficiency along the length of individual chromosomes.

In this work, FLIM is used to investigate the different chromosome substructures at the nanometer length scales by the variations in the DAPI (4′-6-diamidino-2-phenylindole) excited state lifetime loaded into human metaphase chromosomes and interphase nuclei. DAPI is a nucleic-acid specific fluorophore that is widely used in chromosome staining because of its high quantum yield (ϕ~f~ = 0.92) when bound to DNA[@b16]. Quantum yield is a parameter which shows the emission efficiency of a given fluorophore and is equivalent to the ratio of number of photons emitted to the number of photons absorbed. The ϕ~f~ of unbound DAPI (0.04) is several orders of magnitude less than in the presence of DNA. DAPI is known to bind preferentially to AT base pairs in the minor groove of the DNA[@b17][@b18]. However, other binding modes of DAPI are also observed at high DAPI loadings such as external binding through electrostatic interactions with the phosphate groups of the DNA and intercalation between GC base pairs[@b19][@b20][@b21][@b22].

Here we observed variations in the DAPI excited state lifetime along the length of the metaphase chromosomes and across the interphase nuclei that correlate with differentially compacted regions of chromatin. The pericentromeric regions of chromosomes 1, 9, and 16, short arm of chromosome 15, and distal region of chromosome Y in the metaphase spreads showed significantly shorter lifetime values (τ~1,16,Y~ = 2.57 ± 0.06 ns, τ~9a,15~ = 2.41 ± 0.06 ns, and τ~9b~ = 2.21 ± 0.05 ns) as compared with the rest of the chromosomes (τ = 2.80 ± 0.09 ns). What we now provide is a detailed quantitative analysis of all the chromosomes in a mammalian cell which isn't present in previous reports.

Materials and Methods
=====================

DNA Preparation, Cell Culture, and Chromosome Extraction
--------------------------------------------------------

0.001 mg/mL of calf thymus and micrococcus luteus DNA (Sigma Aldrich, UK) in deionized water were prepared and stained with 4 μM DAPI (Invitrogen, UK). Drops from these solutions were then placed on coverslips for fluorescence lifetime measurements.

Chromosomes were prepared from suspension B-lymphocyte cells (GM18507, International HapMap Project, Yoruba male). This cell line was at passage four and prepared according to a previously published protocol[@b23]. The cells were cultured in a suspension of RPMI-1640 medium (Sigma Aldrich, UK) supplemented with 20% foetal bovine serum (FBS) (Sigma Aldrich, UK) and 1% L-glutamine (Sigma Aldrich, UK) at 37 °C in a 5% CO~2~ incubator. For synchronization of the cell cycle, the cells were treated with thymidine (Sigma Aldrich, UK) at a final concentration of 0.3 mg ml^−1^ for 17 hours. To obtain chromosomes at the mitotic stage, colcemid (Invitrogen, UK) was added to the cells at a final concentration of 0.2 μg ml^−1^. The cells were then left for 16 hours before harvesting. This was followed by hypotonic treatment of the cells with 0.075 M potassium chloride for five minutes. Following the hypotonic treatment, the samples were fixed in three changes of 3:1 methanol:acetic acid solution.

Chromosomes were also prepared from adherent cervical cancer cells (HeLa) and normal lung fibroblast cells from a healthy female (CCD37LU). The cells were cultured in Dulbecco's Modified Eagle's medium (DMEM) (Sigma Aldrich, UK) supplemented with 10% FBS and 1% L-glutamine at 37 °C in a 5% CO~2~ incubator. The same procedures above were followed for the synchronization of the cells. After the colcemid treatment, trypsin was added to the cells to detach them from the substrate. The same hypotonic treatment as above was then followed and the resulting samples were fixed in three changes of 3:1 methanol:acetic acid solution.

Even though synchronization of cells was performed during the chromosome preparation procedures above, not all chromosomes obtained had reached the metaphase stage. The final chromosome samples fixed in methanol:acetic acid solution still contained some interphase chromosomes.

To prepare the chromosome samples for FLIM, the chromosomes were spread on glass slides using the hanging drop method and stained with either 4 μM DAPI or 4 μM Hoechst 33258 for five minutes. The glass slides were washed in a 1x phosphate buffer saline (PBS) solution (Sigma Aldrich, UK) for 5 minutes. The samples were covered with a coverslip, with deionized water as the mounting medium.

Chromosome Identification using mFISH
-------------------------------------

In order to identify the chromosomes in the samples measured with FLIM, multiplex fluorescence *in-situ* hybridization (mFISH) was performed using a 24XCyte mFISH probe kit (MetaSystems, Germany) following the recommended procedure of the manufacturer and according to a previously published protocol[@b24]. The kit consists of 24 painting probes specific for the 24 different human chromosomes. Each probe is labeled with up to five different fluorophores in a combinatorial labeling format to provide 24 distinct colors. The hybridization of the probe with the DNA sites was visualized by fluorescence microscopy using a Z2 Zeiss fluorescence microscope. mFISH images were then analyzed using the ISIS software from MetaSystems.

Fluorescence Lifetime Measurements of the DNA and Chromosome Samples
--------------------------------------------------------------------

Multiphoton fluorescence lifetime measurements of the chromosome samples were performed at the Central Laser Facility (CLF) located at the Research Complex at Harwell, UK. The custom set up has been previously described[@b25]. Briefly, a femtosecond Ti-sapphire laser operating at 76 MHz, 200 fs pulse lengths was tuned to a wavelength of 760 nm for two-photon excitation of DAPI and Hoechst 33258 fluorescence. The use of multiphoton excitation here allowed for instrument response function (IRF) of less than 45 ps together with a micro-channel plate (MCP) photomultiplier tube (R3809U, Hamamatsu) as the detector. This was necessary to detect small variations in the lifetime measurements without the need for significant deconvolution of the data from the IRF. The samples were placed on a Nikon TE2000 sample stage attached to a modified Nikon EC2 confocal microscope and were raster-scanned with the laser through a x60 NA 1.2 water immersion objective. The fluorescence from the sample was collected by the same objective but bypassing the confocal optics and detected by a fast MCP-photomultiplier tube detector through a short-pass filter (BG39, Comar, UK). A time-correlated single photon counting (TCSPC) FLIM module (SPCM-830) from Becker & Hickl was used to record the arrival time of the photons at each x, y scan position in a time-tagging, first-in first-out mode.

The same set-up was used for the measurement of the DNA samples. However, since the samples were in solution, raster scanning was not performed and a single point collection mode was selected. One DAPI fluorescence decay curve was obtained for every DNA sample measured.

Data Analysis of Lifetime Images
--------------------------------

The acquired fluorescence lifetime images (up to 512 × 512 pixels) were analyzed using the SPCImage software (version 4.0.6). Each pixel of the acquired images contains a fluorescence decay function of the DAPI lifetime. The measured decay function ([Eq. 1](#eq1){ref-type="disp-formula"}) is a convolution of the true decay function with the IRF. The software uses a model function ([Eq. 2](#eq2){ref-type="disp-formula"}), which can be a single or multi-exponential function, to define the fluorescence decay function f(t) and convolutes it with the IRF. The result is compared with the measured decay function. The parameters of the model function are varied until the best fit with the measured decay function is obtained. The lifetime is then extracted from the fitted function thus resulting in an image with a lifetime value per image pixel.

where f~m~(t) is the measured fluorescence decay function, f(t) is the true fluorescence decay function, R is the instrument response function, t~s~ is the time shift between the response function and the fluorescence, a~i~ is the relative amplitude of the exponential component i, τ~i~ is the lifetime of the exponential component i, and a~0~ is a constant offset-correction.

Results
=======

Excited State Characteristics of Free DAPI and DAPI Bound to DNA
----------------------------------------------------------------

The excited state lifetime of DAPI is well known[@b26], so we measured the lifetime of unbound DAPI in PBS solution (pH 7.2) to determine both the sensitivity of the system and the accuracy of lifetime measurements. The fluorescence decay showed a double exponential character: fluorescence lifetime components, τ, and intensity coefficients, a, are reported in [Table 1](#t1){ref-type="table"}. The value of the long lifetime component agrees well with literature while the value of the short lifetime component is higher than that described in the literature at pH 7 where the value range is 0.19--0.24 ns[@b26].

We next measured lifetimes of DAPI bound to DNA containing different amounts of AT and GC bases to determine if DNA base composition has any effect on the DAPI lifetime. Calf thymus (CT) and micrococcus luteus (ML) DNA were used for this part of the study because of their different base pair compositions (42% GC for CT DNA and 72% GC for ML DNA). Three solutions each of CT and ML DNA were measured. The DAPI lifetimes for each type of DNA exhibited two components ([Table 1](#t1){ref-type="table"}). The short lifetime component of DAPI bound to ML DNA is slightly higher than that of the CT DNA (130 ps difference). There is no significant difference observed between the long lifetime components.

FLIM of DAPI Bound to Fixed Metaphase Chromosomes from B-Lymphocytes
--------------------------------------------------------------------

[Figure 1a](#f1){ref-type="fig"} shows a lifetime image of a typical "spread" of human metaphase chromosomes fixed in 3:1 methanol:acetic acid (see Methods for definition of chromosome spread). An expanded image of the enclosed region in the figure taken at a higher pixel resolution is shown in [Fig. 1b](#f1){ref-type="fig"}. False color is used to represent the lifetime value at each image pixel.

Both figures show that there is a variation in the lifetime of DAPI along the length of the chromosomes. The DAPI fluorescence decay curves with normalized intensities are also presented in [Fig. 1b](#f1){ref-type="fig"} to complement the lifetime images and show that the fluorescence of the DAPI molecules in the red regions has a faster decay than that in the blue regions. The mean lifetime ± standard deviation (SD) of DAPI for the measured chromosome spread in [Fig. 1a](#f1){ref-type="fig"} was determined to be 2.91 ± 0.12 ns; the fluorescence decay of DAPI was found to have single exponential characteristic.

Identification of Heteromorphic Regions in Chromosomes
------------------------------------------------------

Twelve chromosome spreads (GM18507 cells) with 46 chromosomes each were measured from three slides. [Figure 2a](#f2){ref-type="fig"} shows a lifetime image of one of the measured spreads. In each of the measured spreads we found that certain chromosomes have specific regions along their lengths that have significantly shorter lifetimes than the rest of the chromosome, mostly in close proximity to the centromeres. These regions appear red in lifetime images because of the color scale used; we shall refer to them as short lifetime regions.

The lifetime distribution curves with normalized frequencies for the short lifetime regions and the rest of the chromosomes in [Fig. 2a](#f2){ref-type="fig"} are shown in [Fig. 2b](#f2){ref-type="fig"}. The mean lifetime ± SD of DAPI molecules in the short lifetime regions in [Fig. 2a](#f2){ref-type="fig"} was determined to be 2.48 ± 0.13 ns while that for the molecules in the rest of the chromosomes in the spread was determined to be 2.80 ± 0.09 ns. The standard deviations represent how varied the lifetime values are within the short lifetime regions and the rest of the chromosomes for the measured spread.

We suspected that the short lifetime regions corresponded to heteromorphic regions in chromosomes. Such regions display variations in morphology at specific locations whilst not affecting phenotype, and are often heterochromatic in nature. Known morphological variations of heteromorphic regions have been associated with longevity and infertility, and so are of great interest in genetics studies. Heteromorphic regions are known to occur on chromosomes 1, 9, 15, 16 and the Y chromosome[@b27].

It was decided to perform mFISH experiments (see Methods) on all of the measured spreads in order to identify the chromosomes containing the short lifetime regions. The mFISH image and karyotype of the spread in [Fig. 2a](#f2){ref-type="fig"} are shown in [Fig. 2c,d](#f2){ref-type="fig"}, respectively. The regions showing shorter lifetimes, as compared with the rest of the chromosomes, in all of the measured spreads were identified to be the pericentromeric regions of chromosomes 1, 9, and 16, the short arm of chromosome 15, and the distal region of chromosome Y; these regions are known to be heteromorphic regions, confirming our hypothesis.

[Table 2](#t2){ref-type="table"} shows the mean lifetime value of DAPI for each of the heteromorphic regions in [Fig. 2a](#f2){ref-type="fig"}. As each autosome appears twice, the mean lifetimes and standard deviations for the heteromorphic regions obtained for autosomes with the same chromosome number were averaged and pooled, respectively.

It can be observed from the table that the measured lifetimes for the heteromorphic regions of chromosomes 1, 16, and Y are similar and are significantly longer than those of chromosomes 9 and 15. The heteromorphic region of chromosome 9 can be described by two lifetimes so that region 9a has a similar value to that of chromosome 15 while region 9b has a shorter lifetime than that of region 9a.

The other measured spreads (see [Tables S1--S11](#S1){ref-type="supplementary-material"} in the [Supplementary Materials](#S1){ref-type="supplementary-material"}) show a similar trend of the heteromorphic regions of chromosomes 9 and 15 having shorter lifetimes than those of chromosomes 1, 16, and Y.

Trends in DAPI Lifetime with Chromosome Area
--------------------------------------------

Chromosomes are known to become progressively more compact as they approach the metaphase stage of the cell cycle; Colcemid was used for this study to block the cells at this stage before harvesting. However, the cells in the synchronized population are not all expected to be exactly in the same stage of the condensation upon harvest. This variation in the compaction is reflected in the variation in the relative area of a particular chromosome from one chromosome spread to another on the same slide, with the more compact chromosomes having smaller areas. We anticipated that different states of compaction might have an effect on the fluorescence lifetimes observed. To measure the effect of chromatin compaction on lifetimes, we correlated the mean DAPI lifetimes for various examples of chromosome 1's (GM18507 cells) from one slide and their heteromorphic regions with the measured chromosome area. As described earlier, the lifetime values for chromosome pairs were averaged, pixels assigned a color according to lifetime value and short lifetime regions (red regions) were taken to be heteromorphic in nature. Segmentation and analysis of the heteromorphic regions and calculation of the chromosome areas were carried out using the Avizo software.

The graph in [Fig. 3](#f3){ref-type="fig"} shows that the mean lifetimes of DAPI for chromosome 1 and its heteromorphic region decrease strongly with decreasing chromosome 1 area. To the extent to which the area of a chromosome in a spread represents packing density, the observed trend suggests a linear dependence on density, representing the degree of condensation. A similar trend is also observed for chromosome spreads on another slide (see [Figure S1](#S1){ref-type="supplementary-material"}).

Effect of DAPI Concentration on Lifetime
----------------------------------------

The mean DAPI lifetimes for various chromosomes 1's (GM18507 cells) stained with different DAPI concentrations were measured to determine the effect of DAPI concentration on the lifetime. Twelve chromosome 1's, with approximately the same area, from the same slide were measured for each concentration.

It can be observed from [Table 3](#t3){ref-type="table"} that the total intensity of chromosome 1 increased as the concentration of DAPI was increased. However, there was no significant variation observed in the DAPI lifetime between the different concentrations.

FLIM of Hoechst 33258 Bound to Fixed Metaphase Chromosomes
----------------------------------------------------------

In order to confirm that the lifetime variations we have observed along the length of the chromosomes is a function of chromatin structure and not due to any effects specific to DAPI, we carried out FLIM using another minor-groove binding dye. Metaphase chromosomes (GM18507 cells) fixed in 3:1 methanol:acetic acid were stained with Hoechst 33258.

[Figure 4](#f4){ref-type="fig"} shows the lifetime image of the measured chromosome spread. The fluorescence decay of Hoechst 33258 bound to the chromosomes was found to have single exponential characteristics, similar to that of DAPI. The mean lifetime ± SD of Hoechst 33258 for the measured spread was determined to be 2.42 ± 0.05 ns. The smaller standard deviation, as compared with that of the DAPI-stained chromosomes (0.12 ns), shows that the variation in the Hoechst 33258 lifetime across the spread is not as high as that observed for the DAPI-stained chromosomes. The lifetime image shows that the heteromorphic regions of chromosomes 1, 9, 15, 16, and Y displayed significantly shorter lifetime values than the rest of the chromosomes (see [Figure S2](#S1){ref-type="supplementary-material"} for the mFISH image and karyotype), similar to that observed for the DAPI-stained chromosomes. The mean lifetime ± SD of Hoechst 33258 molecules in the heteromorphic regions was determined to be 2.36 ± 0.03 ns while that for the molecules in the rest of the chromosomes in the spread was determined to be 2.43 ± 0.04 ns. The mean Hoechst 33258 lifetime values and standard deviations for each of the heteromorphic regions of chromosomes 1, 9, 15, 16, and Y, as compared with the rest of the chromosome, are presented in [Table S12](#S1){ref-type="supplementary-material"}.

This additional experiment using Hoechst confirms that the lifetime variations observed along the length of the chromosomes are caused by the local chromatin structure and not the fluorophore used.

FLIM of DAPI Bound to Fixed Metaphase Chromosomes from HeLa Cells
-----------------------------------------------------------------

FLIM measurements on DAPI-stained metaphase chromosomes obtained from HeLa cells fixed in 3:1 methanol:acetic acid were also performed to verify that the variations in the DAPI lifetime observed along the length of the chromosomes are not just cell line specific but are due to the general chromatin structure.

[Figure 5a](#f5){ref-type="fig"} shows the measured chromosome spread. The mean lifetime ± SD of DAPI for the measured spread was determined to be 2.93 ± 0.09 ns. Shorter DAPI lifetimes, as compared with the rest of the chromosomes, are observed at the heteromorphic regions of chromosomes 1, 9, 15, 16, and Y (see [Figure S3](#S1){ref-type="supplementary-material"} for the mFISH image and karyotype), similar to that observed for the GM18507 cells. Four abnormal chromosomes consisting a part of either chromosome 1 or 9 also exhibited the shorter DAPI lifetimes in their pericentromeric regions suggesting that they contain the heteromorphic region of chromosome 1 or 9. The lifetime distribution curves with normalized frequencies for the short lifetime regions and the rest of the chromosomes are shown in [Fig. 5b](#f5){ref-type="fig"}. The mean lifetime of the DAPI molecules in the short lifetime regions was determined to be 2.68 ± 0.08 ns while that for the molecules in the rest of the chromosomes in the spread was determined to be 2.93 ± 0.08 ns.

FLIM of DAPI Bound to Interphase Chromosomes within Fixed Nuclei
----------------------------------------------------------------

The lifetime of DAPI bound to interphase chromosomes within a 3:1 methanol:acetic acid fixed nucleus from the GM18507 lymphocyte cell line was also imaged, as shown in [Fig. 6](#f6){ref-type="fig"}. A z-stack of the nucleus was taken using a multiphoton excitation (at 760 nm) confocal microscope. [Fig. 6a,c](#f6){ref-type="fig"} show images obtained at −0.50 μm and +0.50 μm, respectively, from the original focal plane ([Fig. 6b](#f6){ref-type="fig"}).

A single exponential character was observed for the DAPI fluorescence decay. The lifetime images of the measured nucleus show that there is a strong variation in the DAPI lifetime across the interphase nucleus, where localized regions of short lifetimes can be observed (indicated by arrows in [Fig. 6](#f6){ref-type="fig"}). Even though the fixed nucleus is somewhat collapsed compared to its native spherical shape as a result of the fixation process, this shows the locations of the short lifetime regions in three dimensions. 3D reconstruction of the confocal z-stack images (see [Figure S4](#S1){ref-type="supplementary-material"}) and quantitative analysis of the short lifetime regions were carried out using the Avizo software.

[Table 4](#t4){ref-type="table"} shows the volume, mean lifetime, and position with respect to the radius of the nucleus of the short lifetime regions. The calculated volumes for the short lifetime regions are found to be larger than the typical volume of a metaphase chromosome (\~1--3 um^3^), suggesting a considerable decompaction of chromatin in interphase. The positions of the short lifetime regions were calculated to determine if they have preferential locations in the nucleus. It can be observed from the table that the short lifetime regions are located closer to the periphery than the center of the nucleus. We examined three nuclei in this study and found that all showed a similar distribution of short lifetime regions (see [Figures S6](#S1){ref-type="supplementary-material"} and [S7](#S1){ref-type="supplementary-material"} for the other two nuclei).

DAPI-stained interphase chromosomes within a nucleus from CCD37LU lung fibroblast cells fixed in 3:1 methanol:acetic acid were also measured, as shown in [Fig. 7a](#f7){ref-type="fig"}. The image shows the presence of short lifetime regions within the nucleus, similar to that observed in the GM18507 lymphocyte cells. However, the short lifetime regions have no preferential location within the nucleus. [Figure 7b](#f7){ref-type="fig"} shows the FISH image of the measured nucleus. Chromosome 9 centromere probe is shown as red in the image. Comparing [Fig. 7a,b](#f7){ref-type="fig"}, it can be observed that the location of the chromosome 9 centromere probe overlaps with that of the two of the short lifetime regions. Another measured nucleus shows a similar result and is presented in [Figure S8](#S1){ref-type="supplementary-material"}.

Discussion
==========

We employed FLIM to study chromatin condensation across different human cell lines and cell cycle phases, finding that fluorescence lifetime is sensitive to variations in chromatin compaction. Variations in the lifetime of a commonly used fluorophore, DAPI, were observed along the length of metaphase chromosomes obtained from two cell lines: GM18507 lymphocyte and HeLa cells, where heteromorphic regions in the chromosomes were identified. Heteromorphic regions of chromosomes 1, 9, 15, 16, and Y displayed significantly shorter lifetime values than the rest of the chromosomes in the spread for the cell lines used signifying that the results are not cell line specific. Heteromorphic regions consist of highly condensed constitutive heterochromatin[@b27], which is made up of satellite DNA, therefore suggesting that shorter DAPI lifetimes are associated with more condensed structures. This is supported by the strong correlation we have observed between DAPI lifetime and chromosome area, which represents the degree of chromatin condensation.

We suggest that differentially compacted chromatin leads to variation in DAPI lifetime due to supercoiling. More condensed chromatin structures are associated with stretched and positively supercoiled (overwound) DNA[@b1][@b28][@b29][@b30]. DNA stretching and overwinding causes the DNA minor groove width to decrease[@b29] and therefore, DAPI molecules in more condensed regions have closer contact and interact more (e.g. through van der Waals and electrostatic forces) with the DNA sugar-phosphate backbone and base pairs in the minor groove. These intermolecular interactions can lead to the quenching of the DAPI fluorescence. To confirm our hypothesis that fluorescence lifetime variation in chromosomes is due to differentially compacted regions of chromatin, we undertook a series of experiments to discount other potential sources of lifetime variation.

First, we studied fluorescence lifetimes of DAPI free in solution and bound to two types of DNA with different GC content. In both cases, two lifetime components were observed, arising from fluorescence quenching via proton transfer to DAPI from the solvent[@b31][@b32]. In solution, most DAPI molecules are protonated and therefore quenched, yielding a short lifetime component, whilst the rest of the population is non-protonated and exhibits longer lifetimes. When bound to DNA, DAPI molecules bound externally or intercalating are less protected from solvent than those in the minor groove, again leading to populations with short and long lifetime components, respectively[@b31][@b33]. The lifetime of DAPI bound to human metaphase chromosomes exhibited one component. The single exponential decay of the DAPI fluorescence and the value of the lifetime signify that, at the concentration used in the experiments, DAPI molecules are protected from solvent quenching and are bound to the chromosomes mostly through minor groove binding to the DNA.

Next, we discounted the possibility of sequence specificity as the cause of lifetime variations by employing a concentration series. In AT-rich regions, there is a higher localised concentration of DAPI molecules and self-quenching caused by homo-energy transfer can occur, resulting in shorter lifetimes. When the concentration of DAPI was increased from 0.4 μM to 400 μM, the total signal intensity increased, implying an increase in the concentration of DAPI molecules bound to the chromosomes. There was no significant accompanying change in the DAPI lifetime. This suggests that there is no significant self-quenching of DAPI taking place at the concentration range used due to the lack of decrease in the DAPI lifetime. Hence, the concentration of DAPI in regions with differing AT content and thereby the sequence specificity of DAPI is not responsible for the reported lifetime variations. This is further supported by experiments on DAPI bound to DNA in solution wherein the AT content of the DNA did not significantly affect the lifetime of the minor groove bound DAPI molecules.

Since we have associated the lifetime variations with differences in chromatin compaction, we suggest that the shorter DAPI lifetimes observed for the heteromorphic regions of chromosomes 9 and 15 as compared with those of the other heteromorphic regions signify that these regions are more condensed than the other heteromorphic regions. The difference in the structures of the heteromorphic regions between different chromosomes may result from a difference in the type and amount of satellite DNA in these regions. The heteromorphic region of chromosome 9 is known to contain the bulk of the human satellite DNA[@b34]. Hence, the high concentration of satellite DNA in this region may lead to a more condensed structure, causing the very short lifetimes observed at this region as compared to those of the other heteromorphic regions. Furthermore, it was shown by Gosden *et al*.[@b34] and Jones *et al*.[@b35] that human satellite III DNA concentrates mostly at the heteromorphic regions of chromosomes 9 and 15 while human satellite II DNA concentrates mostly at the heteromorphic regions of chromosomes 1, 16, and Y. Satellite III displays more sequence divergence than satellite II[@b35][@b36] and this difference may be one of the factors that lead to the difference in the structures, and therefore fluorescence lifetimes, of the heteromorphic regions.

Short lifetime regions were also observed for interphase nuclei from GM18507 lymphocyte and CCD37LU lung fibroblast cells. From our metaphase chromosome data, we suggest that these short lifetime regions consist of heterochromatin and may correspond to the heteromorphic regions observed for the metaphase chromosomes. This is further supported by the FISH images of lung fibroblast nuclei, as short lifetime regions overlap with a centromere probe targeting chromosome 9, one of the chromosomes containing the heteromorphic regions. Shorter DAPI lifetime, as compared with the rest of the chromosomes, was also observed at the heteromorphic region of chromosome 9 at metaphase for the CCD37LU cells (see [Figure S9](#S1){ref-type="supplementary-material"}).

The calculated positions of the heterochromatic blocks inside the lymphocyte nucleus agree with several studies performed on the formation of chromosome territories inside an interphase nucleus[@b37][@b38][@b39][@b40][@b41]. For spherical interphase nuclei, the radial positioning of the chromosomes correlates with their gene density[@b37][@b38]. The late-replicating and gene-poor chromosomes, such as chromosomes 9 and Y, are preferentially located near the periphery of the nucleus. Even though chromosomes 1 and 16 are not preferentially located near the periphery of the nucleus due to their high gene density, their heterochromatic blocks, which are late-replicating and gene-poor, tend to position near the periphery[@b37][@b39][@b40][@b41]. No preferential location was observed for heterochromatic blocks inside lung fibroblast nuclei. Lung fibroblast nucleus is ellipsoidal unlike the spherical nucleus from lymphocyte cells. It is possible that the type and shape of the nucleus affects the positioning of the chromosomes.

Our FLIM results from metaphase and interphase chromosomes (see [Figure S10](#S1){ref-type="supplementary-material"}) stained with Hoechst 33258 further show that the use of FLIM for chromosome structural investigation is not unique to DAPI. Since the observed lifetime variations in the Hoechst 33258-stained metaphase chromosomes were not as high as those observed for the DAPI-stained metaphase chromosomes, we suggest that DAPI molecules are more sensitive to changes in chromatin environment than Hoechst 33258. This could be due to the differences in their structures which may result in a different mechanism and rate for the quenching of their fluorescence. It is highly likely that other DNA binding probes may be more sensitive to the chromosome structure than DAPI.

In summary, we have shown in this study that FLIM can be effectively used to probe chromosome structure and map out locations of differentially compacted regions of chromatin along the chromosome length and within the nucleus. Whilst our studies were carried out on fixed cells, there is scope for similar live-cell studies with suitable fluorophores. Any such study would be invaluable in probing the dynamics of chromatin condensation. Other future studies could include the FLIM characterisation of heteromorphic variants, which would have applications in clinical diagnostics. Studies in the effect of epigenetic variations on structure could also benefit from FLIM.
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Lifetime images of (**a**) a chromosome spread (scale bar = 10 μm) and (**b**) an expanded image of the enclosed region in Fig. 1a taken at a higher pixel resolution showing chromosomes 1 and 9 (scale bar = 2 μm). [Figure 1b](#f1){ref-type="fig"} inset: normalized DAPI fluorescence decay curves at selected pixels from the red, green, and blue regions in chromosome 9 in Fig. 1b. The range of the lifetime color scale runs from 2.50 ns (red) to 3.14 ns (blue), as shown.](srep31417-f1){#f1}

![Identification of heteromorphic regions in chromosomes.\
(**a**) Lifetime image of a chromosome spread with arrows showing the heteromorphic regions (scale bar = 10 μm). (**b**) Normalized lifetime distribution curves for the heteromorphic regions and the rest of the chromosomes showing shorter DAPI lifetimes for the heteromorphic regions than for the rest of the chromosomes. (**c**) mFISH image of the measured chromosome spread. (**d**) Karyotyping of the chromosomes in [Fig. 2a,c](#f2){ref-type="fig"} based on color.](srep31417-f2){#f2}

![Mean fluorescence lifetime of DAPI for various chromosome 1's and their heteromorphic regions plotted against the area of the chromosomes.\
The error bars represent the standard deviation. Thus, DAPI is sensitive to both general chromosome length compactions as well as localized sub-chromosome condensation.](srep31417-f3){#f3}

![Lifetime image of a chromosome spread stained with Hoechst 33258 with arrows showing the heteromorphic regions (scale bar = 10 μm).](srep31417-f4){#f4}

![Identification of heteromorphic regions in chromosomes obtained from HeLa cells.\
(**a**) Lifetime image of a chromosome spread with arrows showing the heteromorphic regions. The chromosomes enclosed in a yellow dashed square are the abnormal chromosomes (scale bar = 10 μm). (**b**) Normalized lifetime distribution curves for the heteromorphic regions and the rest of the chromosomes showing shorter DAPI lifetimes for the heteromorphic regions than for the rest of the chromosomes.](srep31417-f5){#f5}

![Selected focal planes from the z-stack of the lifetime images of interphase nucleus from GM18507 cells at (**a**) −0.50 μm, (**b**) 0 μm, and (**c**) +0.50 μm focus (scale bars = 5 μm, see [Figure S5](#S1){ref-type="supplementary-material"} for all the focal planes in the z-stack).](srep31417-f6){#f6}

![FLIM of interphase nucleus from CCD37LU cells.\
(**a**) Lifetime image of the nucleus. The short lifetime regions enclosed in a red dashed square were identified as part of chromosome 9 (scale bar = 5 μm). (**b**) FISH image of the measured nucleus showing the location of the centromere probe for chromosome 9 (scale bar = 5 μm). The location of the probe overlaps with that of the enclosed short lifetime regions in [Fig. 7a](#f7){ref-type="fig"}.](srep31417-f7){#f7}

###### Lifetime values for free DAPI and DAPI bound to DNA.

                       a~1~ ± SD    τ~1~ ± SD, ns    a~2~ ± SD    τ~2~ ± SD, ns
  ------------------ ------------- --------------- ------------- ---------------
  DAPI in Solution       0.60           0.36           0.40           2.66
  ML DNA              0.40 ± 0.06    0.63 ± 0.04    0.60 ± 0.06    2.23 ± 0.02
  CT DNA              0.42 ± 0.02    0.50 ± 0.08    0.58 ± 0.02    2.18 ± 0.06

###### Lifetime values for the heteromorphic regions.

  Chromosome \#    Mean Lifetime ± SD, ns
  --------------- ------------------------
  1                     2.58 ± 0.06
  9a                    2.38 ± 0.06
  9b                    2.21 ± 0.05
  15                    2.43 ± 0.05
  16                    2.55 ± 0.06
  Y                     2.58 ± 0.03

###### Change in lifetime with DAPI concentration.

  Concentration, μM    Mean Lifetime ± SD, ns   Intensity ± SD (x10^6^), arb. units
  ------------------- ------------------------ -------------------------------------
  0.4                       2.98 ± 0.01                     7.63 ± 0.71
  4                         2.91 ± 0.04                     9.75 ± 0.74
  40                        2.90 ± 0.03                     10.7 ± 0.60
  400                       3.05 ± 0.02                     14.1 ± 1.77

###### Quantitative analysis of the short lifetime regions.

  Region \#    Volume, μm^3^   Distance[\*](#t4-fn1){ref-type="fn"}/Radius of Nucleus   Mean Lifetime ± SD, ns
  ----------- --------------- -------------------------------------------------------- ------------------------
  1                8.25                                 0.90                                 2.57 ± 0.08
  2                8.02                                 0.90                                 2.55 ± 0.06
  3                0.16                                 0.77                                 2.44 ± 0.03
  4                0.83                                 0.71                                 2.24 ± 0.05
  5                0.13                                 0.68                                 2.45 ± 0.04
  6                0.80                                 0.59                                 2.28 ± 0.03
  7                1.90                                 0.54                                 2.56 ± 0.04
  8                6.14                                 0.48                                 2.55 ± 0.05
  9                5.22                                 0.47                                 2.54 ± 0.06

\*The distance corresponds to that between the center of mass (COM) of the nucleus and the COM of the short lifetime regions.
